A new low-molecular-weight`heparin-like' component was obtained from an exopolysaccharide produced by a mesophilic strain found in deep-sea hydrothermal vents. Data concerning the structure of the native high-molecular-weight exopolysaccharide (10 6 g/mol, 10% sulfate content) are reported for the first time. Two depolymerization processes were used to obtain low-molecular-weight (24^35U10 3 g/mol) oversulfated fractions (sulfate content 20 or 40). Nuclear magnetic resonance studies indicated that after sulfation (40%), the low-molecularweight fraction obtained by free radical depolymerization was less sulfated in the 6-O-position than the fraction depolymerized by acid hydrolysis. The free radical depolymerized product also had sulfated residues in the 4-O-position and disulfated ones in the 2,3-O-positions. Moreover, the compounds generated by the free radical process were more homogeneous with respect to molecular mass. Also for the first time, the anticoagulant activity of the low-molecular-weight exopolysaccharide fractions is reported. When the fractions obtained after sulfation and depolymerization were compared with heparins, anticoagulant activity was detected in oversulfated fractions, but not in native exopolysaccharide. The free radical depolymerized fraction inhibited thrombin generation in both contact-activated and thromboplastinactivated plasma, showing a prolonged lag phase only in the contact-activated assay. Affinity co-electrophoresis studies suggested that a single population of polysaccharide chains binds to antithrombin and that only a subpopulation strongly interacts with heparin cofactor II. ß 2001 Published by Elsevier Science B.V.
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Introduction
A broad series of polysaccharides has emerged as an important class of bioactive products [1] that occur naturally in a great variety of animals, plants and microorganisms. Marine microorganisms o¡er a rich source of polysaccharides with novel structures. Since 1994, new bacteria have been searched for near deep-sea hydrothermal vents characterized by extreme pressure and temperature conditions and high concentrations of toxic elements [2, 3] . Interest in mass culture of microorganisms from the marine environment has increased considerably, representing an innovative approach to the biotechnological use of under-exploited resources [4] . Exopolysaccharide (EPS)-producing microorganisms occur very widely in nature in di¡erent types of habitat [5] , and some thermophilic and mesophilic EPS-producing strains have been isolated from deep-sea hydrothermal vents [2, 6] . Some bacteria (e.g. Alteromonas macleodii subsp. ¢jiensis and Vibrio diabolicus) found in these conditions have produced extracellular polymers with original structures when grown in an aerobic carbohydrate-based medium [7, 8] . Alteromonas infernus, a new species of bacterium isolated quite recently [9] and classi¢ed as a non-pathogenic microorganism by the Institut Pasteur, secretes a water-soluble acidic heteropolysaccharide consisting of glucose, galactose, glucuronic and galacturonic acids (1:1:0.7:0.4). The composition of this high-molecular-weight polysaccharide (10 6 g/mol) di¡ers Abbreviations : EPS, exopolysaccharide; LMW, low molecular weight; H-EPS, hydrolyzed native EPS; H-LMW EPS, low-molecular-weight sulfated exopolysaccharides obtained by acid hydrolysis ; R-LMW EPS, lowmolecular-weight sulfated exopolysaccharides obtained by radical depolymerization ; HPSEC, high-performance size-exclusion chromatography; APTT, activated partial thromboplastin time ; TT, thrombin clotting time ; PPP, platelet-poor plasma; AT, antithrombin ; HCII, heparin cofactor II; ACE, a¤nity co-electrophoresis * Corresponding author. Fax: +33-2-40-37-40-93. E-mail address : sylvia.colliec.jouault@ifremer.fr (S. Colliec Jouault).
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in monosaccharide content and/or ratio and sulfate content (10%) from other EPS isolated from deep-sea hydrothermal bacteria and from polysaccharides of other origins. In a preliminary study, highly sulfated lowmolecular-weight (LMW) EPS fractions were obtained after combined sulfation and acidic depolymerization, without altering the osidic composition of this acidic polymer [10] . However, no data concerning the structure and biological activity of these fractions were currently available until now. The preparation of therapeutic products from nonmammalian sources would avoid the risk of contamination with pathogenic agents potentially present in mammalian tissues [11^15] . In this respect, sulfated polysaccharides constitute a complex group of macromolecules known to possess a wide range of important biological properties. Heparin of porcine origin, a heterogeneous sulfated polysaccharide from the growing family of glycosaminoglycans, is widely used as a therapeutic anticoagulant and antithrombotic agent [16] . It is now clearly established that the sulfate groups in heparin play a critical role in its antithrombotic activity [17] . However, as heparin has pharmacokinetic and biophysical limitations, attempts have been made to develop new anticoagulant and antithrombotic drugs [18, 19] . Various studies have concerned new sulfated polysaccharides that show anticoagulant/antithrombotic properties and target speci¢c steps in thrombogenesis. These polysaccharides (e.g. fucoidan, dermatan sulfate and sulfated dextran derivatives) show no structural homology with heparin, except high sulfate content [14, 15, 20^25] .
The native EPS secreted by A. infernus is without anticoagulant activity and was chemically modi¢ed to induce it. This study provides the ¢rst data on the structure of the native EPS and the fractions obtained after sulfation and depolymerization performed by acid hydrolysis or radical depolymerization. The anticoagulant activities of oversulfated LMW EPS fractions (containing uronic acid and sulfate contents comparable to those of heparin) were compared with those of heparin. Thrombin generation tests were performed in the presence of the most homogeneous fraction to study the mechanism of anticoagulant activity, and the interaction of this fraction with serpins was analyzed by a¤nity co-electrophoresis (ACE).
Materials and methods

Materials
LMW heparin (Dalteparin, Fragmin ; 160 anti-Xa IU/ mg) was obtained from Kabi Pharmacia (St. Quentin, France). Puri¢ed human thrombin (2910 NIH units/mg), unfractionated heparin from porcine mucosa used in ACE experiments (25^35 kDa in low-angle laser measurements by the manufacturer, and 29 kDa as determined in our laboratory (see Section 2.6)), dextran sulfate (8 kDa), azure A, toluidine blue and sodium Mopso were from Sigma (St. Louis, MO, USA). Unfractionated heparin (batch H108; 173 IU/mg) for anticoagulant assays was from Sano¢ Winthrop (Paris, France). Reptilase-STH50 and puri¢ed human heparin cofactor II (1 PEU/100 Wg) were from Diagnostica Stago (Asnie ©res, France), APTT from Organon Technika (Fresnes, France), puri¢ed human antithrombin from Chromogenix (5 units/mg), chromogenic substrate S-2238 from Biogenic (Maurin, France), Thromborel-S (human thromboplastin without Polybrene) from Behring (Marburg, Germany), and Chelex 100 resin and low-melt preparative grade agarose were from BioRad (Ivry sur Seine, France). APTT-ES reagent (ellagic acid+cephalin) used for the thrombin generation test was kindly provided by Helena (St. Leu, France). The Standard Filtron Cassette System was supplied by Pall Filtron (Northborough, MA, USA). Cetavlon (cetyltrimethylammonium bromide) was from Merck (Darmstadt, Germany), and gel bond ¢lms were from Pharmacia (Uppsala, Sweden). The a¤nity co-electrophoresis system was from Owl Scienti¢c (Woburn, MA, USA).
Production, puri¢cation and characterization of native exopolysaccharide
The isolation procedure and characteristics of the GY785 strain were previously reported [9] . EPS was produced and puri¢ed as previously described [10] , and monosaccharide content was determined after methanolysis by gas chromatography [8] . Methylation analyses were performed using a modi¢cation of the Hakomori procedure [26] . Hydroxyl groups were methylated by methyl iodide in DMSO using lithium dimethylsul¢nyl as anion. Methyl esters of uronic acids were reduced by lithium triethylborodeuteride, as previously described [27] . Methylated EPS was then hydrolyzed with 2 M tri£uoroacetic acid for 2 h at 120³C. The derivatives were reduced by NaBD 4 and acetylated prior to analysis by gas chromatography^mass spectrometry (GC/MS) [8] . The main peaks were numbered from 1 to 11. As peak response (total ionic current) depends on the structure, such analyses are more qualitative than quantitative.
Preparation of partially hydrolyzed exopolysaccharide (H-EPS)
Crude EPS was dissolved in 0.5 M H 2 SO 4 at 5 mg/ml and heated at 60³C for 90 min. The preparation was then neutralized with a solution of 1 M NaOH, ultra¢ltrated (1000 Da cuto¡ membrane) to eliminate salts and small oligosaccharides, and ¢nally freeze-dried. The molecular weight of the H-EPS was 10 000 g/mol and its polydispersity 1.9 (determined as described in Section 2.6). Methylation analysis was performed as described above. 
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Sulfation and depolymerization of exopolysaccharide
EPS was chemically oversulfated according to a previously described direct sulfation procedure [29] . Following sulfation, two oversulfated EPSs with 20% and 40% sulfate groups (w/w) were prepared, depending on experimental conditions. Both oversulfated EPSs were depolymerized by acid hydrolysis (H-fractions), and two LMW EPS fractions were isolated following fractionation by gel-¢ltration chromatography, yielding H-(20% sulfate) and H-(40% sulfate) fractions respectively [10] . The 40% sulfated EPS was also depolymerized by a radical (R-fraction) process using a modi¢cation of the procedure of Nardella et al. [30] . Four hundred milligrams of 40% sulfated EPS were dissolved in water (95 ml) in a reaction vessel, and 5 ml of 3U10 33 M cupric acetate monohydrate were added. The temperature was kept at 60³C. A 0.07% (w/w) hydrogen peroxide solution was then added at a £ow rate of 60 ml/h. The reaction was stopped after 2.5 h, and the contaminating copper ions were removed from the product by chromatography on Chelex 100 resin (in Na form), with water as eluent. The solution was concentrated, desalinated by ultra¢ltration with a 1000 Da cuto¡ membrane and then freeze-dried. LMW EPS was obtained following radical depolymerization, yielding an R-(40% sulfate) fraction.
Molecular weight determination of LMW exopolysaccharides and unfractionated heparin Sigma
Each fraction (2 mg/ml) was analyzed by high-performance size-exclusion chromatography (HPSEC) in 0.1 M ammonium acetate at a £ow rate of 0.5 ml/min using a 25U0.4 cm i.d. Lichrospher 300 A î Diol 7 UM column (Merck, France) and a 25U0.46 cm i.d. HEMA SEC BIO 40 10U column (Alltech, France) connected in series. Column calibration was performed with standard pullulans 1 . Area measurements and calculations of Mw (weight-average molecular mass) and I (polydispersity) were carried out using ARAMIS software (JMBS Dëvel-oppements, Le Fontanil, France).
Chemical analyses of LMW exopolysaccharides
Total neutral sugar content was determined using the orcinol-sulfuric method, with mannose^galactose (1:1) mixture as standard [31, 32] . Uronic acid content was determined according to a previously described procedure [33] . Elemental analysis (C, H, N and S) was performed by the Central Microanalysis Department of the CNRS (Gif/Yvette, France). Sulfate content (sodium salt) was deduced from sulfur analysis according to the following relation: sulfate group % = 3.22US %. Sulfate content was also determined by Fourier transform infrared analysis. Pellets were obtained by careful grinding of a mixture of 2 mg of EPS with 200 mg of dry KBr. Infrared spectra were recorded on a BOMEM M100 Fourier Transform Infrared Spectrometer with a resolution of 4 cm 31 .
Clotting assays
Activated partial thromboplastin time (APTT) with the APTT Organon kit (Organon Technika, France), thrombin clotting time (TT) with puri¢ed human thrombin 5 NIH U/ml, reptilase time, and prothrombin time were performed as previously described [25] . H-(20% sulfate), H-(40% sulfate) and R-(40% sulfate) fractions (0^100 Wg/ ml), unfractionated heparin (0^3 Wg/ml) and LMW heparin (0^6 Wg/ml) were diluted in human platelet-poor plasma (PPP). These concentrations were chosen to obtain a comparable range of APTT prolongation with all tested products.
Thrombin generation test (TGT)
The fraction with the highest anticoagulant activity and the lowest molecular weight was tested. The R-(40% sulfate) fraction and unfractionated heparin were diluted in human PPP at various concentrations. Thrombin generation in contact-activated plasma and thromboplastin-activated plasma was measured according to a previously described method [34] , with slight modi¢cations [35] . Brie£y, thrombin generation was triggered by addition to de¢bri-nated human PPP of a mixture of bu¡er (CaCl 2 ) with cephalin and ellagic acid (APTT-ES, Helena) in the contact-activated system or with thromboplastin (Thromborel-S) in the thromboplastin-activated system. Thrombin generation was stopped at various times by adding a 100 Wl aliquot of activated PPP to 400 Wl of 0.01 M EDTA in 0.03 M sodium barbiturate bu¡er (pH 8.35) containing
15 M NaCl and 0.1 g/l BSA preincubated at 4³C. The generated thrombin was quanti¢ed by adding 50 Wl of an EDTA-containing sample to 450 Wl of 1 mM S-2238. The percentage of inhibition of peak thrombin generation and the lag phase preceding this peak (vt: time interval between the beginning of the test, i.e. the addition of the triggering agent, and the peak value) were calculated for various concentrations of each polysaccharide in plasma (plasma without polysaccharide was used as the control 
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Electrophoretic analysis of serpin binding
The binding of polysaccharides to human antithrombin (AT) and human heparin cofactor II (HCII) was analyzed by a¤nity co-electrophoresis according to a previously described technique [36] , which allows both protein and polysaccharidic chains to migrate freely during electrophoresis. Brie£y, the polysaccharides were electrophoresed in agarose gels through zones containing increasing amounts of AT or HCII. At neutral pH, the electrophoretic mobilities of polysaccharides are much higher than those of serpins, and the binding of polysaccharides to serpins decreases their electrophoretic mobility. As LMW EPS and unfractionated heparin showed very similar molecular weights in our HPSEC assay, they were used at the same ponderal concentration, corresponding to the same molar concentration (0.7 WM). Twenty micrograms of polysaccharides were loaded into nine separate transverse slots close to the cathode. Each slot was opposite a rectangular sagittal well in which AT or HCII was cast. AT concentrations in agarose gel were 0 (control), 43 WM and 86 WM, and HCII concentrations were 0 (control), 0.75 WM and 1.5 WM. The highest concentration of both serpins was obtained after vial reconstitution with 1 ml of distilled water, as recommended by the manufacturer. Electrophoresis was performed at 60 V and 500 mA for 3.5 h. Electrophoresis end points were determined by the migration of bromophenol blue, which migrates slower than polysaccharides. After electrophoresis, the gel was soaked in Cetavlon, dried, stained with toluidine blue, bleached and dried again according to a previously described procedure [37] .
Results
Composition and methylation studies of native EPS
GC/MS chromatograms of partially methylated acetates derived from native EPS without reduction showed eight main peaks (Fig. 1A ) numbered 1^9 (7 is missing, but appears after reduction, as described below) and identi¢ed (9) . Peaks 2 and 3 were large (the former about twice the size of the latter), corresponding to terminal glucose and galactose residues respectively. Such high quantities of non-reducing ends indicated that this EPS was highly branched. Peaks 4 and 5 were due to 1,4-linked After reduction of carboxylic acid functions (Fig. 1B) , three additional peaks appeared, but the main sugar residue was still terminal glucose. Peak 7 (1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl glucitol) corresponded to two kinds of glucuronic acid residues (1,2-or 1,4-linked), peak 9 to a mixture of 1,3,4,6-linked galactose and 1,3,4-linked galacturonic acid in equal proportions according to MS data (333/335 ratio was around 1), peak 10 to 1,3,4-linked glucuronic acid, and peak 11 to 1,2,4-linked glucuronic acid. These results indicate that side chains were mainly borne by uronic acids. Methylation analyses performed on polysaccharides from various batches and on H-EPS gave similar results, although with some variations in peak intensities, especially for peak 1 which sometimes almost disappeared. Nevertheless, the main peaks were always 2, 3, 4 and 5 without carboxylic acid reduction, and peaks 7, 9 and 10 appeared when reduction was performed. These results indicate that the bacterium secreted two polysaccharides. The major one (the subject of our study) was composed only of glucose, galactose, glucuronic and galacturonic acids, in accordance with the osidic composition previously described [9] , whereas the other (a minor compound) contained signi¢cant quantities of rhamnose. a Mw (weight-average molecular mass), Mn (number-average molecular mass), and I (polydispersity) were measured by HPSEC using pullulans as standards. b Total neutral sugar content was determined by the orcinol-sulfuric method [31, 32] . c Uronic acid content was determined according to the procedure described by Blumenkrantz and Asboe-Hansen [33] . d Deduced from sulfur content. e Based on recovered materials from starting unfractionated hydrolyzed oversulfated EPS.
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Nuclear magnetic resonance spectroscopy
Due to its high molecular weight, native EPS could not be studied directly by NMR spectroscopy. A partially hydrolyzed compound (H-EPS) was prepared, and its NMR spectrum was recorded as well as the spectra of the three oversulfated LMW EPSs: H-(20% sulfate), H-(40% sulfate) and R-(40% sulfate) fractions (see Section 2). The 1 H-1D spectrum of H-EPS is shown in Fig. 2A . From the low ¢eld, signals in the H-EPS spectrum were gathered in four clusters. The ¢rst (5.5^5.0 ppm) corresponded to anomeric protons of K-linked osidic units, and the second (4.8^4.4 ppm) to protons of L-linked anomeric or sulfated positions (see below). The third (4.3^3.3) was attributed to H3, H4, H5 and H6 of various sugar residues, and the fourth (1.4^1.2 ppm) to methyl groups of rhamnose residues. Some impurities (above 1 ppm) also appeared. The COSY spectrum (not shown) displayed a cross-peak corresponding to a sulfated 2-O-position (H2 at 4.75 ppm) of an K-linked residue (H1 at 5.28 ppm), which was necessarily a glucuronic acid as methylation analysis indicated that only glucuronic acids were 2-O-substituted. After sulfation (Figs. 2B and 3A,B) , there were many more resonances between 4.2 and 4.8 ppm (protons of sulfated positions) than with H-EPS ( Fig. 2A) , especially for the more sulfated fractions : R-(40% sulfate) and H-(40% sulfate). For the R-(40% sulfate) fraction, there was no resonance between 3.5 and 3.0 ppm (corresponding to the area of H2 and H3 of L-linked residues). However, H-(40% sulfate) and H-(20% sulfate) maintained signals at 3.5^3.6 ppm (H2 of L-linked galactose) and 3.3^3.4 ppm (H2 of Llinked glucose), probably because more labile sulfates were partially eliminated during acid hydrolysis, especially 2-O-sulfate that is much more susceptible to acid-catalyzed ester hydrolysis [38] . On the other hand, the resonances at 4.2 ppm (H6 of CH 2 OSO 3 3 ) [39] were low in sample H-(20% sulfate), intermediate in R-(40% sulfate) and high in H-(40% sulfate), which showed the greatest sulfation at the 6-position. It is noteworthy that H-(20% sulfate), which exhibited few additional resonances between 4.2 Results are expressed as means þ S.D. (n = 5). [39] or to H2 and/or H3 of 2,3-O-disulfated residues [28, 40] ). The COSY spectrum was too complex to allow any clear distinction to be made.
Molecular weight and composition of LMW exopolysaccharides
Two oversulfated high-molecular-weight EPSs isolated after chemical sulfation showed sulfate contents of 20% and 40% respectively, as determined by Fourier transform infrared analysis and elemental analysis (data not shown). These two oversulfated EPSs were partially depolymerized by acid hydrolysis in an attempt to isolate LMW EPSs. After fractionation by gel ¢ltration chromatography, two LMW fractions were isolated from each hydrolyzed EPS: the H-(20%sulfate) and H-(40% sulfate) fractions respectively. The fractions were homogeneous in size, with a polydispersity (I) below 2, and were produced with a good yield (Table 1) . Depolymerization did not alter the osidic composition of the H-LMW EPS fractions, and a slight decrease (15%) of sulfate content was observed only with the oversulfated EPS initially containing 40% sulfate groups. The H-LMW EPS fractions had the same sulfate/ total sugar ratios as the oversulfated high molecular weight EPS. The oversulfated EPS with the highest sulfate content (40%) was also depolymerized by a radical process, resulting in the isolation of an LMW EPS fraction, R-(40% sulfate) fraction, which was homogeneous, with polydispersity (I) below 1.5, and produced with a good yield ( Table 1) .
Anticoagulant properties of modi¢ed exopolysaccharides
The in vitro anticoagulant activities of modi¢ed EPSs were measured in APTT and then compared with those of heparins. Among the H-LMW EPSs, only the H-(40% sulfate) fraction was able to prolong APTT appreciably. The same anticoagulant e¡ect was obtained for the H-(40% sulfate) fraction, LMW heparin and unfractionated heparin at 10, 4 and 1.5 Wg/ml respectively. The R-(40% sulfate) fraction was as potent as the H-(40% sulfate) fraction in prolonging APTT (10 Wg/ml were required to obtain the doubling of APTT; Table 2 ). The anticoagulant e¡ect of R-(40% sulfate) was also evaluated by TT and compared with that of heparins. An equivalent prolongation was observed for this fraction, LMW heparin and unfractionated heparin at 20, 1.5 and 0.75 Wg/ml respectively ( Table  3 ). The R-(40% sulfate) fraction had no signi¢cant e¡ect on reptilase time and prothrombin time (data not shown) at the tested concentrations (10^50 Wg/ml).
The e¡ect of the R-(40% sulfate) fraction on thrombin generation was evaluated in the contact-activated and thromboplastin-activated systems and compared with that of unfractionated heparin (Table 4) . Like heparin, the R-(40% sulfate) fraction inhibited thrombin generation after activation of intrinsic and extrinsic pathways. In the contact-activated system, the IC 50 was 58 þ 17 Wg/ml with R-(40% sulfate) as compared to 0.65 þ 0.08 Wg/ml with unfractionated heparin. R-(40% sulfate) caused a greater delay in contact-induced thrombin generation than did heparin, with the lag phase increasing in proportion to its concentration. The vt IC 50 value was 4.8 þ 1.0 min compared to 1.06 þ 0.23 min with unfractionated heparin. In the thromboplastin-activated system, the IC 50 was 53 þ 6 Wg/ml with R-(40% sulfate) compared to 0.48 þ 0.07 Wg/ml with unfractionated heparin. In contrast to contact-induced thrombin generation, the R-(40% sulfate) fraction, like heparin, was not e¡ective in delaying thrombin formation in the thromboplastin-activated system.
The interaction of the R-(40% sulfate) fraction with serpins was analyzed by ACE. In the presence of antithrombin (Fig. 4A) , the patterns di¡ered for R-(40% sulfate), unfractionated heparin and dextran sulfate (all loaded at the same concentration of 20 Wg). R-(40% sulfate) mobility was reduced, giving a single spot at the highest protein concentration, whereas antithrombin split the migrating heparin front into two distinct fronts, as previously shown [36] . With dextran sulfate, a part of the migration front was delayed at the highest protein concentration. In experiments performed with lower antithrombin concentrations, a delay was also observed, although the di¡erences were not so well clear-cut (data not shown). In the presence of heparin cofactor II (Fig.  4B) , a fractionation of R-(40% sulfate) migration front was observed for both protein concentrations tested, which suggests that a subpopulation bound strongly to 
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With unfractionated heparin and dextran sulfate, the migration front was similar to that of the control (bu¡er).
Discussion
Studies have been performed on naturally occurring or synthetic sulfated polysaccharides with similar biological activities to those of heparin (referred to as heparinoids) [1, 41] . The present study provided structural data on a new polysaccharide and evaluated its anticoagulant properties after chemical modi¢cations.
The A. infernus EPS appears to have an original backbone structure made up primarily of glucose, galactose and uronic acid residues bound by 1C3 or/and 1C4 linkages, in the manner of most other anticoagulant polysaccharides. The presence of side chains in such an active compound is a quite uncommon feature and has been reported only for a fucosylated chondroitin sulfate isolated from an echinoderm [42] and in algal fucans [28] . It was determined that the anticoagulant properties of fucosylated chondroitin sulfate were related to sulfated fucose branches. Interestingly, the side chain feature allows the preparation of new compounds that would be di¤cult to obtain by a synthetic approach.
Considering its low sulfate content, it is not surprising that native EPS is a non-anticoagulant product. To prepare a new active product (i.e. with anticoagulant activity), it was necessary to modify the EPS in order to control critical features such as chain length and the degree of sulfation. Chemical sulfation, though a non-speci¢c method, makes it possible to obtain a number of compounds variously sulfated at originally free positions (especially in unsubstituted galactose and glucose branches). Accordingly, LMW fractions with a molecular weight range of 20^30U10 3 g/mol and di¡erent sulfate contents were isolated in this study. Anticoagulant activity increased with sulfate ester content, indicating that sulfate esters play a major role in the biological activity. Free radical depolymerization did not lead to signi¢cant desulfation in our experimental conditions, as previously noted by Volpi et al. for chondroitin sulfate [37] . Nuclear magnetic resonance data showed that LMW EPS was less sulfated in the 6-O-position after free radical depolymerization (R-(40% sulfate)) than after depolymerization by acid hydrolysis (H-(40% sulfate)); however, the anticoagulant activities were similar. In fact, most of these sulfate groups are not essential to the presence of anticoagulant properties. Many anticoagulant sulfated polysaccharides are free of sulfate groups in the 6-position (e.g. fucan, pentosan sulfate, dermatan sulfate, etc.). It has recently been reported that dermatan sulfate with 4-O-sulfated galactosamine showed a strong a¤nity for HCII while dermatan sulfate sulfated in the 6-position had no anticoagulant activity at all despite its high sulfate content [43] . The free radical depolymerized product also had residues sulfated in the 4-O-position and disulfated in the 2,3-positions, as is often the case for anticoagulant sulfated polysaccharides.
Our experiments showed that anticoagulant activity was higher with 40% than 20% of sulfate esters. The LMW EPS depolymerized by the free radical process (40% sulfate content, 24U10 3 g/mol) was less e¤cient than LMW heparin and unfractionated heparin in clotting assays (2.5 and 6.5 times respectively in APTT), but more e¤cient than LMW dermatan sulfate [44] or LMW fucoidan [25, 45] and just as e¤cient as sodium and calcium pento- 
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san polysulfate [13] . This R-(40% sulfate) LMW EPS inhibited thrombin generation after stimulation by both contact-activated and thromboplastin-activated systems (50% inhibition in both systems with the same concentration). The R-(40% sulfate) fraction only delayed contact-induced thrombin generation, as observed with heparin and fucoidan [35] , providing a much longer lag phase with the R-(40% sulfate) fraction (vt IC 50 = 4.8 min) than with heparin and fucoidan (1 and 3 min respectively). A¤nity co-electrophoresis experiments performed in the presence of antithrombin or heparin cofactor II showed that R-(40% sulfate) chains strongly bound both serpins (the total population for antithrombin and only a subpopulation for heparin cofactor II). These results suggest that the R-(40% sulfate) fraction inhibits thrombin activity or thrombin formation in three ways, as proposed by Ofosu et al. for heparin [46] : (1) by catalysis of thrombin inhibition by antithrombin ; (2) by catalysis of thrombin inhibition by heparin cofactor II; and (3) by inhibition of the prothrombinase complex or the expression of its activity. However, the di¡erences in a¤nity observed for both serpins between R-(40% sulfate) and heparin could account for the di¡erences in the lag phase of the contact-induced thrombin generation system. Several recent studies have shown that the catalytic e¡ect on thrombin inhibition (rather than factor Xa inhibition) is critical for the expression of anticoagulant and optimal antithrombotic e¡ects [46] . Moreover, polysaccharides with lower anticoagulant activity than heparin could exhibit a potent antithrombotic e¡ect with less hemorrhagic risk. The backbone structure determines the substitution pattern endowing the sulfated polysaccharide with a speci¢c mechanism. In the case of fucans, comparison of the anticoagulant activity of algal fucans with that of regular and linear sulfated fucans from marine echinoderms suggests that the high activity is correlated with the presence of sulfated fucose branches [14] . On the other hand, the presence of 2,3-disulfated residues is also an important requirement for such activity [28] . Indeed di¡erent structural features determine not only the anticoagulant potency of sulfated polysaccharides, but also the mechanism by which they exert this activity [15] . In summary, an active (anticoagulant) product was prepared from a new exopolysaccharide after sulfation and controlled free radical depolymerization. Original sulfation patterns were obtained due to the unique backbone structure consisting of many di¡erent monosaccharide building units, glycosidic linkage types and unit branches. Polysaccharides of this type can be used to constitute a library of compounds useful for elucidation of the structure^activity relationship. Moreover, microbial polysaccharides, unlike those found in plants or animals, can be produced in controlled conditions and are thus not subject to variations in quality and to the potential risk of viral contamination, as with animal products. Microorganisms can be considered a renewable source of a large variety of important metabolites, including exopolysaccharides [5] . The novel exopolysaccharide investigated here could provide a biochemical entity with suitable functions for obtaining a drug with a good bene¢t/risk ratio. Further studies are needed to improve our understanding of the EPS anticoagulant mechanism in vitro and the critical structural features required for elaboration of this activity. It will also be necessary to check the anticoagulant and antithrombotic e¡ects of this new exopolysaccharide in vivo in animal models.
